In order to investigate the multiplication of equiaxed grains by the forced convection, in-situ observation using a transparent organic substance have been made. The emission of some spherical particles from the columnar zone was observed by a fiber scope installed in an ingot case. These particles are originally the secondary dendrite arms and are detached by the fluctuations of thermal and/or solutal fields and/or mechanical breaking. Then the particles fell down in the liquid along with the natural convection. This event has taken place approximately 30 s before the well-developed equiaxed grains started to form. Therefore, these particles developed to equiaxed dendrites floating around in the liquid.
Introduction
It is well known that the usual macroscopic solidified structure consists of three zones, i.e. chill zone, columnar zone and equiaxed zone. 1) When the equiaxed grains develop and suppress the growth of columnar grains, the macroscopic equiaxed zone forms. However, the origin of equiaxed grains is still uncertain though there have been proposed several ideas of formation mechanism. [2] [3] [4] [5] It is also known that the degree of macro segregation of cast product decreases with increasing the ratio of equiaxed zone. 6) Therefore some techniques such as low-superheatcasting, casting with vibration and casting with fluid flow have been widely applied to the industry. Especially in steel making, the technologies of magnetic stirring have been commonly applied in the continuous casting process. However, the optimization of fluid flow has been decided by a trial and error method, since the formation mechanism of equiaxed crystals due to fluid flow is still ambiguous.
Recently, modeling of solidified structure has been developed to a great extent. Cellular automaton method, which is one of such models, has been used to simulate the solidified structure. [7] [8] [9] In this simulation model, however, the nucleation on the chill plate and/or in the liquid is treated by probability. In the case of nucleation of equiaxed grains, it is not clear when and how the nuclei generate in the melt.
Few studies have been performed to investigate the influence of fluid flow on the generation of equiaxed crystals. 10, 11) One of the reasons of this is that the experiment is quite difficult. Therefore, in order to understand the formation mechanism of equiaxed grains caused by fluid flow, an in-situ observation using a transparent organic substance has been carried out in the present study. Especially, this report presents the detachment of secondary dendrite arms from the columnar dendrites caused by fluid flow, which may be the origin of equiaxed grains.
Experimental Procedure
The transparent organic substance used in this experimental work is succinonitrile (SCN). This is a typical "plastic" material and solidifies as metals do, since it has low entropy of fusion.
12) The preferred growth direction of SCN is ͗001͘, which is similar to popular cubic metals, such as Fe, Al and Cu. As-received SCN, the purity of which is over 98 mass%, was used. The melting temperature of SCN was about 56°C.
A schematic drawing of experimental setup is shown in Fig. 1 . 10) SCN was separately melted in a container and adjusted its temperature, 70Ϯ1°C. Then, molten SCN was cast in an ingot case. One side wall of the ingot case was constructed with a water-cooled copper plate and the other walls including a bottom plate were made of acrylic glass plate, which are poor heat conducting materials. A rotor and a fiberscope were previously installed in the ingot case as shown in Fig. 1 . The outer diameter of the fiberscope was 11 mm and 150 W halogen lamp was applied for light source. The fiberscope was adjusted to focus approximately 30 mm apart from the scope in advance. The view angle of the fiberscope was 65 degrees. It was found from a preliminary experiment that it is possible to observe a particle, the diameter of which exceeds approximately 50ϫ10 Ϫ6 m.
Before casting, the materials in the ingot case except the water-cooled copper plate were pre-heated to approximately 60°C, in order not to initiate solidification on these materials. The temperature of water flowing in the copper plate was 35°C and was kept constant during experiment. The rotor was started to rotate at a predetermined rate before pouring the molten SCN and kept constant during experiment. The experimental conditions are listed in Table 1 . The phenomena in the ingot case was observed by the fiberscope and recorded by a VTR. The kinetics of equiaxed grain formation was analyzed using VTR.
Experimental Results and Discussions

Multiplication Rate of Equiaxed Grains
Since the detail has been already reported, 10) some important results will be shown in this paper.
The relationship between number of equiaxed grains (N e ) and time elapsed after the initiation of equiaxed grains (t) is shown in Fig. 2 . Since the area for observation was restricted, the number of equiaxed grains is defined as a number of equiaxed grains passing through a unit area in a unit time. As shown, N e increases with t and N e increases more rapidly with increasing tangential velocity. In the range of this study, N e is found to be proportional to t 1.5 . This functional relationship indicates that multiplication rate of equiaxed grains (dN e /dt) increases with time.
Origin of Equiaxed Grains
Observation of Pre-equiaxed Grains
In Experimental No. 2, where the tangential velocity of the rotor was 1.5ϫ10 Ϫ1 m/s, some small particles falling down in the liquid were observed. This is shown in Fig. 3 at the interval of 1/3 s and an enlarged view of Fig. 3 (f) is shown in Fig. 4 with detailed information. Here, 6 particles have been observed to emit from a certain area of the columnar dendrite zone (lower-left of these figures) and fall down in the vicinity of the columnar dendrites. Their diameters range from 0.12ϫ10 Ϫ3 to 0.21ϫ10 Ϫ3 m. The particles were observed to move sparkling intermittently with reflected light, this indicates that these particles have weak facets and they fell down in the liquid turning round. These particles are hereafter called pre-equiaxed grains in this article.
It is approximately 30 s before the equiaxed grains started to form when these pre-equiaxed grains emitted from the columnar dendrite zone. The thickness of solidified shell (ϭlength of columnar dendrite) was about 10ϫ10 Ϫ3 m.
Movement of Pre-equiaxed Grains
The movement of pre-equiaxed grains found in Experimental No. 2 will be analyzed in this section.
From the trajectories of these particles, vertical velocities (V v ) as a function of time are measured at an interval of 1/30 s. In Fig. 5 , the vertical velocity of the particle, which emitted firstly is shown for simplicity. In this figure, positive and negative values indicate upward and downward direction, respectively. Owing to the limit of the observation area, the velocity for sedimentation does not reach the constant value, though it is found that the velocity approaches a certain value. This is also valid for other pre-equiaxed grains. The constant values for sedimentation range Ϫ0.9ϫ10 Ϫ2 -Ϫ1.1ϫ10 Ϫ2 m/s, which are smaller than the tangential velocity of the rotor. Under the condition of this observation, there was no fluctuation in the horizontal direction for the movement of particles. Thus, it can be concluded that there was no significant effect of fluid flow by the rotor in the vicinity of the columnar zone.
It is known that a particle is falling down at a constant velocity in a stagnant fluid because of the frictional force of the fluid. 13) This constant velocity is known as a terminal velocity, V t . This is a function of Reynold's Number, Re. The friction factor could be divided into 3 zones, namely Stoke's, Allen's and Newton's regions, respectively. Therefore, V t can be calculated with following equations depending upon Re, assuming that a particle is spherical. Here, D is a diameter of a particle, g is acceleration due to gravity, r f and r p are densities of a fluid and a particle, re- spectively, and h is a viscosity of a fluid. Physical parameters for SCN are listed in Table 2 . Equations (1)- (3) can be solved by a trial and error method to adjust the range of Re.
The relation between diameter of spherical solid SCN and terminal velocity is shown in Fig. 6 . When Re ranges between 0.6 and 30, it is assumed that V t can be given between Eqs. (1) and (2) . Thus, a dotted straight line is used to estimate V t where Re ranges between 0.6 and 30. The measured values are also shown in Fig. 6 . Here, the final values of the velocity of each particle are shown. The observed values are larger than the calculated value for terminal velocity. This indicates that the liquid is not stagnant in the vicinity of the solid/liquid interface and a flow may be induced by natural convection. A flat plate with T 0 is suspended in a large body of fluid, which is at ambient temperature, T 1 (T 0 ϽT 1 ). In the neighborhood of the plate the fluid falls because of the buoyancy force. From the equation of continuity and conservation of momentum, flow near the plate can be solved. 13) Solutions for position and vertical flow velocity as a function of Prandtl number (Pr) are given graphically and shown in Fig. 7 , where it is noted that the sign of the vertical flow velocity is opposite. Pr is given as (C p · h)/k, where C p is specific heat and k is thermal conductivity. In this figure, the relationship between the dimensionless position, (y/x) 4 ø ----Gr/4, and dimensionless velocity, (ux/n) · ( 1/2ø --Gr)
are given. Here, x is the length from the melt surface, y is the distance from the plate, u is the flow velocity, n is kinetic viscosity and Gr is the Grashof Number, (g · b · D T · l 3 )/n 2 , where l is a characteristic length, b is thermal coefficient of volume expansion and D T is temperature difference.
Pr of liquid SCN is calculated to be 21.1 using the physical parameters 14, 15) listed in Table 2 . However, b for liquid succinonitrile has not been reported. Thermal coefficient of volume expansion of liquid organic substances 16) are ranging 0.5-1.2ϫ10 Ϫ3 K Ϫ1 . Thus in this report, b for ethylene glycol 16) is used for estimation, 0.65ϫ10 Ϫ3 K Ϫ1 . In this experiment, observed area was approximately 50ϫ10 Ϫ3 m below the surface (ϭlϭx) and the pre-equiaxed grains were falling down about 3ϫ10 Ϫ3 m apart from the solid/liquid interface (ϭy). Assuming that the temperature difference between the melt surface and the observed area is 5K, Gr can be estimated, namely, Grϭ5.54ϫ10 (4) Thus, the flow velocity, u, can be calculated to be 7.6ϫ10 Ϫ3 m/s. This value is close to the experimental result as shown in Fig. 6 , or ϳ1.0ϫ10 Ϫ2 m/s. Therefore, it can be concluded that the pre-equiaxed grains found in Experimental No. 2 fell down along the fluid flow due to natural convection.
When the tangential velocity is large, the natural convection ahead of the columnar dendrite cannot develop because of the strong forced convection. Thus, the pre-equiaxed grains may move along the forced convection induced by the rotor instead of natural convection.
Development to the Equiaxed Dendrites
Emission of pre-equiaxed grains from columnar dendrite was directly observed (Figs. 3 and 4 ). There were neither side branches nor perturbations on these pre-equiaxed grains. Therefore, the formation mechanism of preequiaxed grains observed in this experiment is detachment of secondary dendrite arms. Exact mechanism for detachment of secondary dendrite arms from columnar dendrites is unsettled. There may be two mechanisms for detachment. First, the fluctuations of temperature and/or concentration fields affect this process as pointed by Sato et al. 17) Secondly, the flow directly breaks the secondary dendrite arms mechanicaly. 18) As mentioned before, the forced convection induced by the rotor seems not to affect the movement of pre-equiaxed grains. Thus in the case of Experimental No. 2, the fluctuations of temperature and/or concentration may be more probable than the mechanical breaking. However, in the case of higher tangential velocities, both mechanisms operate to detach the secondary dendrite arms from the columnar dendrites.
The pre-equiaxed grains observed in this experiment were emitted upwards rather than horizontal direction. In this region, columnar dendrites happened to grow upwards depending on the crystallographic orientation when they nucleated on the copper plate. The probability of detachment of secondary dendrite arms may be high at the grain boundary. This is schematically shown in Fig. 8 . At the grain boundary, where the neighboring dendrites are diverging, the primary dendrite arm spacing at this boundary is wider than the ordinary arm spacing before the branching takes place. 19) Thus the fluid flow can penetrate deeply in this region and the probability of detachment of secondary arms in this region is higher than that in the other area.
As a result, a physical model for formation of equiaxed grains based on this study is shown schematically in Fig. 9 . Some secondary dendrite arms are detached from columnar dendrites due to fluctuations of thermal and/or solutal fields and/or due to mechanical breaking. When the tangential velocity was 0 m/s, no equiaxed grains was observed. 10) Accordingly, the detachment of secondary arms from columnar dendrites is caused by the forced convection. Some detached arms are emitted from columnar zone by fluid flow penetrating in the interdendritic region. Here, the detached arms are pre-equiaxed grains. They move along with the fluid flow caused by natural and/or forced convection. During movement, some of them re-melt in the liquid. The others remain and grow into the well-developed equiaxed grains. When the number of well-developed equiaxed dendrites is high enough to stop the growth of columnar dendrites, so-called equiaxed zone forms.
Following this physical model, the experimental results shown in Fig. 2 is reasonably explained. After pouring in the mold, the temperature gradient at the solid/liquid interface and growth velocity decrease with time. Thus, the primary dendrite arm spacing increases with time. Furthermore, since the position of solid/liquid interface approaches towards the rotor with time, flow velocity near the solid/liquid interface increases with time. As a result, the penetration of flow into the interdendritic region increases with time. Therefore, detached secondary arms and equiaxed grains increase with time. The reason that the exponent to the time is 1.5 is not clear for the moment, though the effects mentioned above totally enhance the detachment of secondary arms from columnar dendrites with time.
The effect of the flow velocity is explained as follows. When the tangential velocity increases, the temperature gradient at the solid/liquid interface decreases. Thus, the primary dendrite arm spacing may increase. Furthermore, the flow velocity in the interdendritic region increases. Therefore, the probability of detachment of secondary arms increases. As a result, N e increases more rapidly with increasing tangential velocity.
Formation of pre-equiaxed grains via detachment of secondary dendrite arms should operate when the flow velocity is high. Since the flow velocity in the liquid was high, the flow affected directly at the solid/liquid interface. When the secondary dendrite arms are detached and emitted into the liquid, these particles are immediately carried away by the forced convection. Thus, the observation of pre-equiaxed grains at high flow velocity (experimental No. 3-5) could not be achieved in this study.
Conclusions
In-situ observations using a transparent organic material have been carried out in order to study the multiplication of equiaxed grains by the fluid flow. Based on the observations and the physical model developed, the following conclusions were reached.
(1) Number of equiaxed grains increases with time and multiplication rate of equiaxed grains increases with increasing flow velocity.
(2) Before the formation of well-developed equiaxed grains, it has been observed that some spherical particles emitted from the columnar dendrite zone and fell down at the vicinity of the columnar zone.
(3) It is found that these particles fell down along with the natural convection that was induced by the columnar solidification from the chill plate. When the flow velocity induced by forced convection is high, these particles may move along with the flow. 
